Recent studies demonstrate that context-specific memory retrieval after extinction requires the hippocampus. However, the contribution of hippocampal subfields to the context-dependent expression of extinction is not known. In the present experiments, we examined the roles of areas CA1 and CA3 of the dorsal hippocampus in the context specificity of extinction. After pairing an auditory conditional stimulus (CS) with an aversive footshock (unconditional stimulus or US), rats received extinction sessions in which the CS was presented without the US. In Experiment 1, pretraining neurotoxic lesions in either CA1 or CA3 eliminated the context dependence of extinguished fear. In Experiment 2, lesions of CA1 or CA3 were made after extinction training. In this case, only CA1 lesions impaired the context dependence of extinction. Collectively, these results reveal that both hippocampal areas CA1 and CA3 contribute to the acquisition of context-dependent extinction, but that only area CA1 is required for contextual memory retrieval. ; fax (734) 763-7480. Article is online at
In recent years, there has been considerable interest in understanding how the brain encodes memories for emotional experiences (Davis 1992; LeDoux 2000; Maren 2001 ). Far less is known concerning the neural mechanisms involved in suppressing fear memories after they are formed. After Pavlovian fear conditioning, for example, presentations of the conditional stimulus (CS) in the absence of the unconditional stimulus (US) decrease the fear response engendered by the CS (Pavlov 1927) . This phenomenon, known as extinction, is an important form of inhibitory learning that not only allows animals to adapt their behavior to a changing environment but also provides a behavioral model for clinical treatment for fear disorders (Myers and Davis 2002; Maren 2005) . Importantly, extinction is not an erasure of the original memory but instead involves new learning.
There are many important differences between conditioning and extinction memories, one being that extinction memories are preferentially expressed in the context in which they are learned. For example, fear to an extinguished CS will show a robust return or "renewal" if the CS is presented outside of the extinction context (Bouton 1993; Bouton 2002 Bouton , 2004 ). This context-dependent expression of extinction is observed in both animals (Bouton 1993; Maren and Holt 2000; Rauhut et al. 2001) and humans (Maguire et al. 1996; Mineka et al. 1999; Mystkowski et al. 2006) . Given the critical role of the hippocampus in memory for context (Good and Honey 1991; Kim and Fanselow 1992; Phillips and LeDoux 1992; Honey and Good 1993; Frankland et al. 1998; Good et al. 1998; Rudy and O'Reilly 2001; Kennedy and Shapiro 2004) , it is not surprising that recent studies have implicated the hippocampus in the context-specific encoding (Corcoran et al. 2005; Ji and Maren 2005) and retrieval Maren 2001, 2004; Ji and Maren 2005) of fear extinction (Wilson et al. 1995; Frohardt et al. 2000) . These studies indicate that the hippocampus plays a critical role in using contextual information to modulate behavior to stimuli with ambiguous meanings, such as an extinguished CS.
Within the hippocampus, recent studies have suggested important differences in the function of areas CA1 and CA3 (the principal pyramidal cell fields in the hippocampus) in spatial and contextual memory Leutgeb et al. 2005) . For example, neurotoxic lesions or pharmacological inactivation of hippocampal area CA3 or CA1 have been reported to produce differential effects on the encoding and retrieval of contextual memories (Lee and Kesner 2004; Daumas et al. 2005) . Because hippocampal areas CA1 and CA3 may have different functional roles in encoding and retrieving memories for context, we examined whether these areas make a unique contribution to the context dependence of extinguished fear responses. To this end, we made neurotoxic lesions in area CA1 or CA3 prior to fear conditioning (Experiment 1) or after extinction (Experiment 2) in rats. The context dependence of extinction was assessed by examining fear (freezing behavior, in this case) to the CS in either the extinction context or another context.
Results
Experiment 1: Pretraining lesions of hippocampal areas CA1 or CA3 and contextual encoding of extinction
The context dependence of extinction relies on two inter-related processes: contextual encoding and contextual retrieval. Contextual encoding indexes the extinction memory to the context in which it is acquired, and this enables contextual retrieval of that memory to occur in the extinction context. In Experiment 1, we examined whether pre-training neurotoxic lesions of hippocampal areas CA1 or CA3 would interfere with the encoding of context-dependent extinction memories.
Histology
Photomicrographs of coronal brain sections from representative rats in the sham and lesion group are shown in Figure 1 . Schematic drawing of the minimum and maximum extent of CA1 or CA3 lesions is illustrated in Figure 2 . As shown in Figure 1 , NMDA infusions into area CA1 produced an almost complete removal of pyramidal cells in this area, but spared the majority of neurons in area CA3 and the dentate gyrus (DG). In some sections, however, damage induced by CA1 infusions encroached into the DG (Fig.  2) . Similarly, CA3 lesions were typically complete and selective ( Fig. 1 ), although in some sections, damage in rats with CA3 lesions involved CA1 and DG (Fig. 2) .
Quantification of the lesions revealed that NMDA infusions into CA1 resulted in substantial damage of the pyramidal cells in CA1 (mean = 83%; range = 76%-95%). These lesions were also associated with minimal damage in area CA3 (mean = 12%; range = 3.2%-23%) and DG (mean = 12%; range = 3%-37%). NMDA infusions into area CA3 produced a substantial loss of pyramidal cells in this (mean = 88%; range = 84%-93%). The other hippocampal cell fields exhibited some cell loss as well (CA1: mean = 10%, range = 5%-22%; DG, mean = 12%, range = 3.1%-24.8%).
Behavior
Conditional freezing during the conditioning, extinction, and testing sessions is shown in Figure 3 . On the conditioning day ( Fig. 3A) , immediate post-shock freezing increased significantly across the five conditioning trials (F (7,658) = 301.47, p < 0.001). Pre-training CA1 or CA3 lesions did not affect post-shock freezing; these rats had a similar level of post-shock freezing compared to sham rats. ANOVA demonstrated that there was neither a significant main effect of lesion (F (2,94) = 0.37, p = 0.69) nor an interaction of lesion and minute on freezing (F (14,658) = 1.11, p = 0.35). To assess extinction across days, we averaged freezing after the first four tone-alone trials on each day ( Fig. 3B ). During the extinction sessions, freezing to the tone CS declined significantly across the three extinction days (F (2,188) = 152.51, p < 0.001). There was a significant main effect of lesion (F (2,94) = 6.61, p < 0.01) and a significant interaction of lesion and extinction day (F (4,188) = 2.69, p < 0.05). Post hoc comparisons showed that the CA1 and CA3 groups exhibited significantly lower levels of freezing than rats in the sham group on the second (CA1 vs. sham: p < 0.001; CA3 vs. sham: p < 0.05) and third (CA1 vs. sham: p < 0.01; CA3 vs. sham: p < 0.05) extinction days, but not on the first extinction day.
The significant interaction of extinction day and lesion reveals that extinction was faster in animals with CA1 or CA3 lesions. To determine whether this was also true for within-session extinction, we analyzed the freezing across the first extinction session. As illustrated in Figure 3B (inset), freezing declined significantly across the 30 CS-alone trials (indicated by three-trial blocks) (F (9,846) = 65.6, p < 0.001). Although there was a significant main effect of lesion (F (2,94) = 3.59, p < 0.05), there was not a significant interaction of lesion by trial block (F (18,846) = 1.27, p = 0.20). Given that lesions had no effect on pre-tone freezing levels, these data suggest that CA1 or CA3 lesions did not affect the withinsession extinction rate.
One week after extinction, rats were placed in either the extinction context (SAME; ABB, where each letter denotes the context of conditioning, extinction, and testing) or in a different (but familiar) context (DIFF; AAB) to assess the context dependence of extinction. Figure 3C shows conditional freezing averaged across the eight post-CS minutes of the testing session; the data were normalized by subtracting pre-CS freezing levels for each rat. The ANOVA revealed a significant main effect of lesion (F (2,91) = 3.43, p < 0.05), and significant interaction of lesion and test context (F (2,91) = 3.33, p < 0.05). Planned comparisons showed that SH/DIFF rats (n = 23) had much higher freezing levels than SH/SAME rats (n = 21, p < 0.01), whereas there was no difference between the CA1/SAME (n = 21) and CA1/DIFF (n = 12) groups (p = 0.67) or between the CA3/SAME (n = 10) and CA3/DIFF (n = 10) groups (p = 0.78). Thus, renewal of fear to the auditory CS occurred when intact rats were tested outside the extinction context, and CA1 or CA3 lesions disrupted the renewal of extinguished fear.
It is worth noting that the deficits in fear renewal in rats with CA1 or CA3 lesions were not due to a performance impairment, insofar as freezing to the CS in the rats with lesion was the similar to that of shams in first extinction session (see Fig. 3B ). Another possibility is that hippocampal lesions may have produced impairments in contextual processing. Such a deficit may have rendered rats with hippocampal lesions unable to discriminate the test contexts. To assess this possibility, we examined whether rats with hippocampal lesions discriminated the conditioning context from a novel context before extinction. In the present experiment, exposure to each context was equated and extinction was preceded by context exposure. Therefore, half of the rats were returned to the conditioning context (COND) and the other half were placed in a novel context (NOVEL) to equate exposure to the other (extinction) context on the first day of extinction. This allowed us to assess the effects of pre-training CA1 or CA3 lesions on contextual discrimination (conditioning context vs. novel context) before extinction by analyzing the data from the exposure sessions on the first day of extinction.
The average freezing for the first 10 min of the context exposure session on the first extinction day is shown in Figure 4 . The main effect of context (F (2,91) = 2.54, p < 0.001) was highly significant. Planned comparisons (p < 0.001) showed that SH/ COND and CA3/COND rats had much higher freezing levels than SH/NOVEL and CA3/NOVEL rats. Although only approaching statistical significance (p = 0.053), CA1/COND rats also had higher levels of freezing than CA1/NOVEL rats (p = 0.053). This indicates that hippocampal lesions had minimal effects on context discrimination before extinction.
Previous studies have reported a strong correlation between the magnitude of contextual freezing and locomotor activity produced by electrolytic dorsal hippocampal lesions , and increased locomotor activity has been observed after hippocampal lesions (Bardgett et al. 1997 (Bardgett et al. , 2003 (Bardgett et al. , 2006 . We examined locomotor activity, cage crossovers, rearing, and grooming during the 3-min period prior to the onset of conditioning on the first day of training. We did not observe any difference in rats with hippocampal lesions on any of these parameters (data not shown). This suggests that nonspecific effects of the lesion on locomotor activity or competing behaviors did not account for the impairments in conditional freezing observed on the retention test.
Experiment 2: Post-extinction lesions of hippocampal areas CA1 or CA3 and contextual retrieval of extinction
In Experiment 1, we found that pre-training lesions of either CA1 or CA3 disrupted the context dependence of extinction to an auditory CS. These lesions did not affect context discrimination or locomotor activity. Therefore, the data from Experiment 1 suggest that both CA1 and CA3 are required for the acquisition of context dependence of extinction.
However, it is also possible that CA1 and CA3 are involved in the retrieval or expression of extinction memories insofar as each brain area was also dysfunctional at the time of retention testing. To address this issue, we made CA1 or CA3 lesions in the dorsal hippocampus after extinction and examined the context specificity of extinction in a subsequent retention test. In this case, the rats were intact during extinction training, and any deficits during retention testing would therefore be attributable to an influence of hippocampal damage on contextual retrieval. Figure 5 shows photomicrographs of coronal brain sections from representative rats in the sham and CA1 or CA3 lesion groups, and Figure 6 shows the schematic drawing of the minimum and maximum extent of CA1 or CA3 lesions. The histological results were similar to those in Experiment 1: NMDA infusions into either area CA1 or CA3 produced relatively selective damage to those areas, respectively. Quantification of the lesions revealed that NMDA infusions into CA1 eliminated a substantial number of the pyramidal cells in this region (mean = 85%, range = 73%-96%). These lesions also involved some cell loss in area CA3 (mean = 11%, range = 6.1%-23%) and DG (mean = 12%, range = 6%-33%). NMDA infusions into area CA3 resulted in substantial cell loss in this region (mean = 87%, range = 71%-95%). Cell loss in the other hippocampal regions was generally limited (CA1: mean = 11%, range = 0.6%-39%; DG: mean = 12%, range = 3%-28%).
Histology

Behavior
Conditional freezing during the conditioning, extinction, and testing sessions is shown in Figure 7 . Although the lesion group designations are shown in this figure, the rats did not have lesions during the conditioning or extinction sessions (the lesions were made after extinction). On the conditioning day ( Fig. 7A ), rats in each of the designated lesion groups exhibited similar levels of freezing and showed comparable increases in freezing as the conditioning session progressed. This was confirmed by a nonsignificant main effect lesion (F (2,63) = 3.02, p = 0.06) and a significant main effect of minute (F (7,441) = 220.55, p < 0.001). During extinction, the average freezing during the first four CSalone presentations on each extinction day is shown in Figure  7B . All groups demonstrated similar levels of freezing, and freez- ing to the tone-CS declined significantly across the three extinction days. These observations were verified by a significant effect of day (F (2,126) = 127.36, p < 0.001); there was no main effect of group (F (2,63) = 0.79, p = 0.46). In addition, there was no interaction of extinction day and lesion group (F (4,126) = 0.78, p = 0.54), suggesting that the decrease in freezing across the extinction training session was equivalent for all the groups.
After recovery from surgery, retrieval testing occurred either in the extinction context (SAME; ABB) or in a different context (DIFF; AAB) to assess the context dependence of extinction. Figure 7C shows conditional freezing averaged across the eight post-CS minutes of the testing session; the data were normalized by subtracting pre-CS freezing levels for each rat. The main effect of test context was highly significant (F (1,60) = 21.54, p < 0.001). The main effect of lesion (F (2,60) = 2.85, p = 0.066) and interaction of lesion and test context (F (2,60) = 3.00, p = 0.057) were just short of significance. Nonetheless, planned comparisons demonstrated that rats in the SH/DIFF group (n = 12) exhibited more freezing than those in the SH/SAME group (n = 12, p < 0.001); CA3/DIFF rats (n = 11) also exhibited more freezing than CA3/SAME rats (n = 12, p < 0.001). In contrast, there was no difference between the CA1/DIFF (n = 11) and CA1/SAME (n = 8) groups (p = 0.58). Thus, rats with CA3 lesions, like sham rats, exhibited renewal of fear when the extinguished CS was presented outside of extinguished context, whereas neurotoxic CA1 lesions made after extinction abolished the context-dependent expression of extinction.
Discussion
In the present experiments, neurotoxic CA1 or CA3 lesions in the dorsal hippocampus disrupted the context dependence of extinction when lesions were made prior to conditioning, but only CA1 lesions eliminated renewal when the lesions were made after extinction. Contextual discrimination (an index of context processing) was relatively unaffected by either CA1 or CA3 lesions, suggesting that hippocampal subfields are selectively involved in the context dependence of extinction, as opposed to the representation or discrimination of contexts per se. In addition, the renewal deficits did not appear to be secondary to a sensorimotor deficit, as rats with lesions made prior to conditioning exhibited similar levels of locomotor activity, rearing, and grooming. Lastly, hippocampal damage did not affect fear to the CS or the ability to perform the freezing response. Collectively, these results reveal a role for both CA3 and CA1 in the dorsal hippocampus in encoding the context dependence of extinction and demonstrate a selective role for CA1 in the retrieval of this form of memory. These data confirm previous reports of a role for the hippocampus in the encoding and retrieval of context depen-dency Maren 2001, 2004; Corcoran et al. 2005; Ji and Maren 2005; Hobin et al. 2006) , and extend these reports to delineate distinct roles for hippocampal areas CA1 and CA3 in these processes.
The impaired context-dependent encoding of extinction memory in rats with CA1 or CA3 lesions is in accordance with previous work showing the requirement of these two hippocampal subfields in higher-order spatial and contextual learning tasks. For instance, rats with CA3 lesions exhibit deficits in encoding of object-place and odor-place paired associations (Gilbert and Kesner 2003) . Animals receiving CA3 lesions are impaired in encoding, not retrieval, on the modified Hebb-Williams maze (Jerman et al. 2006) . After CA3 removal, rats exhibit deficiency in encoding of spatial memory (Brun et al. 2002; Florian and Roullet 2004) . Transgenic mice lacking CA3 NMDA receptors also exhibit deficits in spatial and contextual learning (Nakazawa et al. 2003; Cravens et al. 2006) . Similar to rats with CA3 lesions, rats with selective CA1 lesions display deficits in encoding of sequential odor associations (Kesner et al. 2005) . Mice lacking functional NMDA receptors in CA1 also exhibit impaired spatial and contextual learning (Tsien et al. 1996) . Hence, both CA1 and CA3 appear to be involved in encoding higher-order representations of stimuli or objects embedded in contexts and places.
Although CA3 or CA1 lesions made prior to conditioning impaired the contextual encoding of extinction, it is important to note that the capacity for processing contextual information was minimally affected by the hippocampal lesions. In Experiment 1, rats with pre-training lesions were able to discriminate between the context in which they were conditioned and a novel context. This is consistent with previous reports that lesions or inactivation of the dorsal hippocampus selectively impair contextual retrieval without affecting the expression of a context discrimination (Holt and Maren 1999; Ji and Maren 2005) . The failure of pre-training hippocampal lesions to interfere with the retention of contextual fear after a multiple-trial conditioning procedure has also been demonstrated in other studies Wiltgen et al. 2006 ). This suggests that encoding the Figure 6 . Schematic representation of brain lesions mapped onto coronal rat brain sections showing the minimum (black areas) and maximum (black + gray areas) extent of CA1 or CA3 lesions (Experiment 2). Coordinates are given in millimeters from bregma. Nonetheless, in the present experiment, we examined contextual discrimination 1 d after conditioning, and prior to the substantial context exposure that is concomitant with extinction training. It is possible that additional context exposure and the passage of time render the contextual discrimination more dependent on the hippocampus at the time of renewal testing (Cravens et al. 2006 ), a possibility we are currently examining. However, the present results are inconsistent with another report showing deficits in contextual discrimination following hippocampal lesions in mice under some circumstances (Frankland et al. 1998 ). This discrepancy may be due to the different conditioning protocols used between the two studies. Here we conducted five conditioning trials followed by exposure trials in highly discriminable contexts prior to extinction training, whereas Frankland et al. (1998) used alternating single-trial shock sessions and shock-free sessions with less discriminable contexts. Therefore, selective hippocampal CA1/CA3 lesions are required in processing context information only when contexts are less discriminable.
In addition to influencing the context dependency of fear to an extinguished CS, hippocampal lesions accelerated extinction across days. Although conditional freezing to the auditory CS was similar in control rats and rats with hippocampal lesions during the first extinction session, rats with hippocampal lesions showed progressively less conditional freezing to the CS in subsequent extinction sessions. Accelerated extinction was therefore not due to a performance impairment, insofar as rats with hippocampal damage exhibited high levels of freezing to the CS during the first extinction session (see Fig. 3B ). Similar results have been observed after complete electrolytic lesions of the dorsal hippocampus (Ji and Maren 2005) . These results contrast with a recent inactivation study showing that muscimol infusions into the dorsal hippocampus retard extinction of fear to an auditory CS, at least during a single massed-extinction session (Corcoran et al. 2005) . The reason for this discrepancy is not clear, although differences between permanent lesions and temporary inactivation may be responsible.
Another possible account for the impairments in fear renewal is a reduction in contextual fear in rats with CA1 or CA3 lesions. This account seems unlikely because rats with CA3 lesions, for example, exhibited relatively normal contextual fear (prior to extinction) and yet showed substantial renewal deficits during the post-extinction renewal test. Moreover, the test context in which rats were expected to renew their fear (context B) is not one in which they had ever received footshock (context A).
So it seems unlikely that different levels of fear to the conditioning context or differential extinction of contextual fear in rats with hippocampal lesions would influence later renewal. Indeed, Bouton (1993) has argued that contextual fear is not necessary for fear renewal after extinction. Hippocampal manipulations also produce deficits in three-context designs in which animals are never exposed to the original conditioning context after conditioning occurs (e.g., Corcoran and Maren 2001; Corcoran et al. 2005) . Hence, it would appear unlikely that deficits in fear renewal in rats with hippocampal lesions are due to a loss or accelerated extinction of context fear.
Interestingly, when CA1 or CA3 lesions were made after extinction, there was a selective deficit in fear renewal with CA1 lesions alone; contextual retrieval of fear extinction was normal in rats with CA3 lesions. These data suggest that hippocampal areas CA1 and CA3 have different roles in encoding and retrieving context-dependent fear memories. Whereas CA1 is required for both of these processes (Bevilaqua et al. 2003; Marti Barros et al. 2004; Akbari et al. 2006 Akbari et al. , 2007 , CA3 appears to have a more selective role in encoding the context dependency of extinction and is not required for the expression of this memory. The differential effect of CA3 lesions on the contextual encoding versus contextual retrieval of fear to an extinguished CS is surprising insofar as CA1 receives a major excitatory input from CA3. However, CA3 lesions have been reported to have greater effects on encoding of fear to context (Lee and Kesner 2004) , and animals with CA3 lesions are more deficient in encoding spatial information in a Hebb-Williams maze when within-day versus betweenday indices of performance were used to infer encoding and retrieval processes, respectively (Jerman et al. 2006) . Moreover, others have reported that mice lacking NMDA receptors in hippocampal area CA3 exhibit normal retention of contextual fear over a 24-h interval, despite showing transient impairments in contextual discrimination shortly after conditioning (Cravens et al. 2006) . Although these studies did not explicitly examine preversus post-training lesions of hippocampal subfields to isolate the role of these areas in memory encoding and retrieval, respectively, our experiments also appear to support a differential role for CA3 in the encoding versus retrieval of context-dependent memory. Nonetheless, other work shows that CA3 is involved in memory retrieval under some conditions (Brun et al. 2002; Nakazawa et al. 2002; Day et al. 2003) .
It is important to note that the CA1 or CA3 lesions in the present study are restricted in the dorsal hippocampus. A recent study shows that ventral hippocampal inactivation also impairs the contextual modulation of fear memory retrieval (Hobin et al. 2006 ), suggesting that the ventral hippocampus, like the dorsal Figure 7 . Effects of post-extinction CA1 or CA3 lesions on fear conditioning, extinction, and testing (Experiment 2). (A) Percentage of freezing during the fear conditioning session for the three groups of rats. Freezing is shown for the 3-min period prior to the first trial (baseline) and during 1-min periods after each conditioning trial. (B) Percentage of freezing during the extinction sessions for the three groups of rats. Freezing was averaged across the 1-min periods after the first four CS presentations across the 3 d of extinction. Although lesion group designations are indicated in A and B, the rats had not undergone surgery at this point in training. (C) Normalized conditional freezing across the retention test (CS freezing ‫מ‬ baseline). Rats were tested either in the extinction context (SAME; open bars) or outside of the extinction context (DIFF; filled bars). Neurotoxic CA1, CA3, or sham (SH) lesions were made after extinction. All data are presented as mean ± SEM.
hippocampus, may enable contextual cues to retrieve the appropriate CS association. Maren and Holt (2004) have argued that the ventral hippocampus may serve as a conduit for the transfer of contextual information between the dorsal hippocampus and the amygdala. Therefore, it is possible that spared hippocampal subfields in each lesion group still communicate with the rest of the brain via preserved ventral hippocampal tissue to support the context dependency of fear extinction. This might account for normal expression of renewal in rats with post-extinction lesion of CA3.
Many theoretical models of hippocampal function have proposed different roles for the hippocampal subfields in memory encoding and retrieval. According to most computational models Rolls 1992, 1994; Rolls and Treves 1994; McClelland and Goddard 1996; Wiebe et al. 1997) , CA3 is posited to participate in the rapid encoding of new information insofar as its recurrent excitatory projections from an autoassociative memory network are optimized for this function. It has been hypothesized that CA3 interacts with CA1 to recode and stabilize information in neocortex, therefore serving the retrieval of information from long-term memory (Rolls and Kesner 2006; Rolls 1992, 1994) . Direct connections between the entorhinal cortex and hippocampal area CA1 may then support memory retrieval in the absence of hippocampal area CA3. Hence, this model accounts for the fact that both hippocampal areas CA1 and CA3 are involved in encoding the context in which a CS is extinguished, but that the retrieval of this information ultimately becomes independent of CA3. Moreover, preliminary work from our laboratory indicates a role for entorhinal cortex in both the encoding and retrieval of context-dependent extinction memories . Thus, it appears likely that connections between CA1 and the entorhinal cortex are sufficient for memory retrieval in the absence of CA3.
In conclusion, the present experiments demonstrate that both hippocampal areas CA1 and CA3 contribute to the context dependence of extinguished fear. CA1 and CA3 are both required for contextual encoding of extinction, whereas area CA1 is essential for context-dependent retrieval. Interestingly, CS-elicited spike firing in the lateral nucleus of the amygdala, which is a neural correlate of fear memory (Quirk et al. 1995; Collins and Pare 2000; Maren 2000; Repa et al. 2001; Goosens et al. 2003; Maren and Quirk 2004) , shows contextual modulation after extinction , and this modulation requires the functional hippocampus (Maren and Hobin 2007) . Further work is required to determine how hippocampal CA1 and CA3 modulate lateral amygdala neuronal activity during fear conditioning and extinction to contextualize memories of traumatic events.
Materials and Methods
We conducted two experiments examining the consequences of hippocampal damage on the encoding and retrieval of contextdependent fear to an extinguished CS in rats. These experiments differed only with respect to when hippocampal lesions were made relative to training. In Experiment 1, hippocampal lesions were made prior to fear conditioning, and in Experiment 2, the lesions were made after extinction.
Subjects
The subjects were 232 (Experiment 1, n = 128; Experiment 2, n = 104) adult male Long-Evans rats (200-224 g) obtained from a commercial supplier (Harlan Sprague Dawley). After arrival, the rats were housed individually in stainless-steel hanging cages on a 14:10 h light/dark cycle (lights on at 7:00 a.m.) and were allowed unlimited access to food and water. After being housed, the rats were handled (10-20 sec per rat per day) for 5 d to habituate them to the experimenter.
Surgery
In Experiment 1, rats underwent surgical procedures before any behavioral testing, whereas in Experiment 2, these surgical procedures were performed after extinction training (see below). Rats were treated with atropine methyl nitrate (0.3 mg/kg, i.p.), anesthetized with sodium pentobarbital (Nembutal; 65 mg/kg, i.p.), and mounted in a stereotaxic apparatus (Kopf Instruments). The scalp was incised and retracted, and the head was positioned to place bregma and lambda in the same horizontal plane. Small burr holes (2-mm diameter) were drilled bilaterally in the skull for the placement of lesions in either area CA1 (Experiment 1, n = 48; Experiment 2, n = 40) or area CA3 (Experiment 1, n = 32; Experiment 2, n = 40) of the dorsal hippocampus. Other rats received sham surgery (Experiment 1, n = 48; Experiment 2, n = 24) for which the scalp was incised and burr holes drilled, but no injections were made in the brain. The coordinates for lesions of area CA1 were (a) 3.6 mm posterior to bregma; 1.0, 2.0, 3.0 lateral to midline; and 1.9 ventral to dura. Area CA3 coordinates were (a) 2.5 mm posterior to bregma, 2.6 mm lateral to midline, and 3.2 mm ventral from dura; (b) 3.3 mm posterior to bregma, 3.3 mm lateral to midline, and 3.2 mm ventral from dura; (c) 4.1 mm posterior to bregma, 4.2 mm to midline, and 3.1 mm from dura. Neurotoxic lesions in CA1 and CA3 were made with NMDA (N-methyl-D-aspartic acid; 20 µg/µL; Sigma) in 100 mM phosphate-buffered saline (PBS, pH = 7.4) . Pairs of injection cannulae (28-gauge), which were attached with polyethylene tubing to 10-µL Hamilton syringes mounted in an infusion pump (Harvard Apparatus), were lowered into each targeted region. NMDA was then slowly infused (0.07 µL/min; 0.1-0.15 µL/site for CA1; 0.1-0.2 µL/site for CA3) into the targeted pyramidal cell layer.
Behavioral apparatus
Eight identical observation chambers (30cm ‫ן‬ 24cm ‫ן‬ 21cm; MED-Associates) were used in all experiments. The chambers were constructed from aluminum (side walls) and Plexiglas (rear wall, ceiling, and hinged front door) and were situated in soundattenuating cabinets located in a brightly lit and isolated room. The floor of each chamber consisted of 19 stainless steel rods (4 mm in diameter) spaced 1.5 cm apart (center to center). Rods were wired to a shock source and solid-state grid scrambler (MED-Associates) for the delivery of footshock USs. A speaker mounted outside a grating in one wall of the chamber was used for the delivery of acoustic CSs. Closed-circuit videocameras mounted above each chamber were used to videotape the behavior of each rat. Sensory stimuli were adjusted within these chambers to generate two distinct contexts. For the first context, a 15 W house light mounted opposite the speaker was turned on, and room lights remained on. The chambers were cleaned with a 1% acetic acid solution, and stainless steel pans containing a thin film of the same solution were placed underneath the grid floors to provide a distinct odor before the rats were placed inside. Ventilation fans in each cabinet supplied background noise (65 dB, A scale). Rats were transported to this context in white plastic boxes. For the second context, all room and chamber houselights were turned off; a pair of 40 W red lights provided illumination. Additionally, the doors on the sound-attenuating cabinets were closed, the ventilation fans were turned off, and the chambers were cleaned with a 1% ammonium hydroxide solution. To provide a distinct odor, stainless steel pans containing a thin film of this solution were placed underneath the grid floors before the rats were placed inside. Rats were transported to this context in black plastic boxes.
Procedure
Rats received neurotoxic lesions in either CA1 or CA3 of the dorsal hippocampus, or sham surgery. This resulted in three lesion groups: CA1 lesion (CA1), CA3 lesion (CA3), and sham (SH) groups. All rats were submitted to three experimental phases: fear conditioning, extinction, and testing. In Experiment 1, surgery was conducted 7 d prior to fear conditioning, and in Experiment 2, surgery was conducted 24 h after extinction. For these behavioral procedures, "context A" refers to the context in which fear conditioning occurred, while "context B" refers to a neutral context. The actual contexts in which the experimental phases occurred were counterbalanced across groups. For fear conditioning, rats were transported in squads of eight and placed in the conditioning chambers; chamber position was counterbalanced for each squad. The rats received five tone (10 sec; 80 dB; 2 kHz)footshock (1 sec; 1 mA) trials (70 sec intertrial interval) beginning 3 min after being placed in context A. Sixty seconds after the final shock, the rats were returned to their home cages.
Twenty-four hours after the conditioning session, rats were assigned to two groups: one group was extinguished in the original conditioning context (context A) and another group extinguished in a novel context (context B). The extinction phase lasted for 3 d. To equate exposure to the two contexts in each group of animals, the rats were first placed in the context that was different from their designated extinction context, but were not presented with any CSs. The extinction training and exposure sessions were each 38 min in duration. During extinction training, rats were presented with 30 tone presentations (10 sec; 80 dB; 2 kHz; 60 sec ISI) without the footshock US, beginning 3 min after placement in the context. Seven days after extinction (to allow for surgical recovery in Experiment 2), all the rats were returned to a neutral context (context B) for renewal testing. Testing consisted of a continuous CS presentation (80 dB; 2 kHz; 8 min) beginning 2 min after rats were placed in the context. The squads were counterbalanced for both lesion and test context. For each experiment, this yielded a total of six groups in a 3 ‫ן‬ 2 (lesion ‫ן‬ test context) design: SH/SAME, SH/DIFF, CA1/SAME, CA1/DIFF, CA3/SAME, and CA3/ DIFF. The labels SAME and DIFF refer to whether the CS was tested in the same context as extinction (SAME) or in a different context (DIFF).
We assessed fear to the tone CS by measuring freezing behavior as described previously (Maren 1998) . Freezing was quantified by computing the number of observations for each rat that had a value less than the freezing threshold (a load cell value below which animals are observed to be freezing) (Maren 1998) . To avoid counting momentary inactivity as freezing, we only scored an observation as freezing if it fell within a continuous group of at least five observations that were all less than the freezing threshold. Thus, freezing was only scored if the rat was immobile for at least 1 sec. For each session, the freezing observations were transformed to a percentage of total observations.
Histology
Histological verification of the lesions was performed after behavioral testing. Rats were perfused across the heart with physiological saline followed by a 10% formalin solution. After extraction from the skull, brains were post-fixed in 10% formalin solution for 2 d, at which time the solution was replaced with a 10% formalin/30% sucrose solution until sectioning. Sections (50 µm thick) were cut on a cryostat (‫°91מ‬C), wet-mounted on microscope slides, and stained with 0.25% thionin for visualization of the lesions.
Scan area quantification of lesions
The damage to cell layers in hippocampal subregions was measured by computed-based scan area MCID (Multiple-line Caller Identification) analysis. Due to the large number of animals in the study, we randomly selected a subset of each lesion group (n = 6) for detailed analysis. Briefly, the boundaries of each cell layer in dorsal hippocampal sections (bregma 2.0 mm-4.8 mm) were digitized and calculated. The CA2 region was regarded as a part of CA3 for convenience, because, in many respects, CA2 resembles a terminal portion of the CA3 region (Amaral and Witter 1989) . Next, the boundaries of the lesion in each cell layer were calculated. The percentage of damage to each subregion of the hippocampus was calculated by comparing the average size of the lesion with the average size of each subregion.
Data analysis
After histological examination, 97 rats were included in the final data analysis in Experiment 1 [sham (n = 44), CA1 (n = 33) and CA3 (n = 20)], and 66 rats were included in the final data analysis in Experiment 2 [sham (n = 24), CA1 (n = 19), and CA3 (n = 23)]. For each behavioral session, the freezing data were transformed to a percentage of the total observations, a probability estimate that is amenable to analysis with parametric statistics. These probability estimates of freezing were analyzed using ANOVA. Post hoc comparisons in the form of Fisher's PLSD tests were performed after a significant omnibus F-ratio. All data are represented as mean ± SEM.
